STK15 (Aurora-A) is a serine/threonine kinase involved in mitotic chromosomal segregation. A genetic variant in STK15 Tþ91A (resulting in the amino acid substitution F31I) is associated with increased aneuploidy in colon tumors and cell transformation in vitro. Since this polymorphism plays a role in mitotic control-a process critical for all cancer types-we conducted association analyses for risk of cancer development of the colon, breast, prostate, skin, lung and esophagus in 10 independent case--control populations. We carried out a meta-analysis of these 10 case--control studies together with 5 additional published studies for a total of 9549 cases of breast, colon, ovarian, prostate, lung, esophageal and non-melanoma skin cancer and 8326 population or hospital-based controls. Meta-analysis of three colorectal cancer studies showed an increased risk in Tþ91A homozygotes (OR ¼ 1.50; 95% CI of 1.14--1.99). Meta-analysis of four breast cancer studies showed increased risk for Tþ91A homozygotes (OR ¼ 1.35, 95% CI of 1.12--1.64). The results of the multiple cancer type meta-analysis for all 15 studies combined were significant for cancer risk in both homozygotes and heterozygotes. The Tþ91A heterozygotes show an OR of 1.10 (95% CI of 1.03--1.18, P-value ¼ 0.006) and the Tþ91A homozygotes show an OR of 1.40 (95% CI of 1.22--1.59, P-value 50.001) for cancer risk. These results confirm that the STK15 Tþ91A variant is a low penetrance cancer susceptibility allele affecting multiple cancer types, and provide genetic evidence from largescale human population studies that genetic stability at the chromosome level is an important determinant of cancer susceptibility. The data also underline the advantages of comparative association studies involving study populations from different ethnic groups for determination of disease risk.
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Introduction
Previous studies using a combined mouse/human strategy for the identification of cancer susceptibility genes led to the identification of a variant in human STK15 Tþ91A (F31I) that is preferentially amplified and associated with the degree of aneuploidy in human colon tumors (1) . The Ile31 variant transforms Rat1 cells more efficiently than the Phe31 variant. Yeast two-hybrid screens using the two forms of STK15 as bait identified UBE2N as a preferential binding partner of the Phe31 variant, but not the Ile31 variant. This interaction leads to colocalization of UBE2N and STK15 at the centrosomes during mitosis.
STK15 shows copy number gain or overexpression in a number of human carcinomas and cell lines including those of the breast, ovary, stomach, endometrium, pancreas, prostate, bladder and colon (2--11) . Increased expression of STK15 is associated with chromosomal instability in breast cancer (12) and aneuploidy in gastric cancers (4) . Because of the functional evidence for a role of the Tþ91A variant and the importance of STK15 in control of mitosis and chromosomal segregation, processes central to development of multiple cancer types, we conducted a meta-analysis with pooled data from 15 studies to determine cancer risk associated with the Ile31 (Tþ91A) variant in human populations.
Materials and methods
Populations used in study Written informed consent was obtained from all study participants according to local guidelines. The relevant committees on human research and institutional review boards approved this research proposal. Fifteen independent populations were used in this meta-analysis. We generated new STK15 Tþ91A genotype data for 10 of those populations. Five additional populations were published for STK15 Tþ91A cancer risk at the time of analysis.
Colon cancer. We used three colon cancer case--control sets in this analysis. The colon cancer study from the University of Edinburgh, Scotland, consists of prospectively collected population-wide extreme early onset cancers (n ¼ 1425) as well as retrospectively (n ¼ 250) and prospectively identified population-wide cases arising under the age of 80 (n ¼ 1038). Controls were collected population-wide and were roughly matched based on age, sex and area of residence. Of the participants, 499% were of Caucasian ancestry. The University of California Irvine (UCI) colon cancer case--control group consisted of 344 cases ascertained through the population-based cancer registries, Cancer Surveillance Program of Orange County and the San Diego Imperial Organization for Cancer Control, and 448 controls ascertained through random digit dialing (13) . Of the UCI cases, 86% were of Caucasian ancestry 5% were of Asian ancestry, 7% were of Hispanic ancestry and 1.5% were of African American ancestry. The breakdown of ethnicities in the UCI controls (also used in the UCI breast study) was 80% Caucasian, 4% Asian, 12% Hispanic and 1% African American. The third colorectal cancer case--control population consisted of 283 cases and matched controls from Bejing, China. Cases were patients with primary colorectal cancer recruited from January 1997 to June 2003 at the Cancer Hospital, Chinese Academy of Medical Sciences (CAMS, Beijing City). Cases were newly diagnosed, histologically confirmed and previously untreated (by radiotherapy or chemotherapy) incident cases. There were no age, sex or histological restrictions. Exclusion criteria included previous cancer, metastasized cancer from other organs, previous radiotherapy or chemotherapy. Senior pathologists at the hospital determined histological types of the cancer by postoperative histopathological examination or biopsy via colonoscopy. Controls (n ¼ 283) consisted of a subset of controls used for the CAMS esophageal cancer study and were matched to the cases based on age (within 5 years) and gender using SAS 6.12. All participants were of Han Chinese ancestry.
Breast cancer. Four case--control breast cancer populations were used in this analysis. The UCI breast cancer case--control study consisted of 898 breast cancer cases ascertained through the population-based cancer registry of the Cancer Surveillance Program of Orange County (14) and 448 population-based controls (same as used for the colon cancer study). Of the UCI breast cases, 89% were of Caucasian ancestry, 4% Asian ancestry and 6% African American ancestry. The Shanghai Breast Cancer Study (SBCS; 15,16) consisted of breast cancer cases (n ¼ 1102) with age frequency matched (within 5 years) community controls (n ¼ 1186). Controls included women with benign breast disease. Data from two additional breast cancer case--control studies were published for the STK15 genotypes prior to final analyses here. The US-based breast cancer study consisted of 940 breast cancer cases identified through a registry and 830 population-based controls (17) . All women were of Caucasian ancestry. The published Han Chinese breast cancer study consisted of 520 hospital-based breast cancer cases and 520 populationbased controls matched on age (18) . All participants were of Han Chinese ancestry.
Prostate cancer. Two prostate cancer case--control sets were included in this meta-analysis. The first was a nested case--control set from the Physician's Health Study (19) , a large cohort study (n ¼ 501 cases and 501 controls). Cases were primarily of Caucasian ancestry (96%) with the remaining 4% comprising Asian/Pacific Islander, African Americans, Hispanics and mixed ethnic background. Controls were also primarily of Caucasian ancestry (94%) with the remaining 6% comprising Asian/Pacific Islanders (1%), African Americans, Hispanics (3%), and mixed ethnic background. A second case--control set consisted of 559 cases of incident prostate cancer ascertained from the Seattle--Puget Sound Surveillance, Epidemiology and End Results Cancer Registry (SPS SEER Fred Hutchinson Cancer Research Center) with age matched population-based controls from King County, Washington (n ¼ 534) (20, 21) . SPS SEER cases were 95% Caucasian and 5% African American background, while SPS controls were 97% Caucasian and 3% African American.
Lung cancer. The one lung cancer case--control set consisted of populationbased cases (n ¼ 414) of Caucasian (72.9%) or African American (27.1%) ancestry residing in Metropolitan Baltimore or the Maryland Eastern Shore (22) . The controls included a set of hospital-based controls matched on age, gender, smoking and ethnicity (32% African American, 68% Caucasian, n ¼ 203) and a set of population-based controls matched on age, gender and ethnicity (41.4% African American, 58.6% Caucasian, n ¼ 264).
Non-melanoma skin. Hospital-based case patients (n ¼ 236) were recruited from The University of Texas M.D. Anderson Cancer Center (Houston, TX). All patients with either newly diagnosed or surgically treated, histopathologically confirmed non-melanoma skin cancer between July 1996 and June 2001 were eligible. Cancer-free control subjects (n ¼ 182) were recruited from among genetically unrelated clinic visitors and were individually matched to the case patients by age (within 5 years), sex and ethnicity. The exclusion criteria for case patients were prior chemotherapy or radiation therapy. The exclusion criteria for all study subjects were prior cancer (except for non-melanoma skin cancer for the case patients) and any blood transfusion in the 6 months prior to recruitment. Participation rate was 490% among both case and control subjects. The majority of participants in this study were of Caucasian ancestry.
Esophageal cancer. One esophageal cancer case--control set was tested in this analysis (23) . Cases were prospectively recruited from the Cancer Hospital, Chinese Academy of Medical Sciences (CAMS). Population-based controls were matched on sex and age (AE5 years). All cases and controls were of Chinese ancestry.
Ovarian cancer. Three ovarian cancer case--control populations from a published meta-analysis of the risk of STK15 polymorphisms and ovarian cancer were used (24) . All three studies consisted of Caucasian women.
Genotyping analyses
Three primary genotyping methods were used: allelic discrimination assays using the ABI PRISM 7700 or 7900 sequence detection systems (Applied Biosystems, Foster City, CA), single base extension method (ABI SnAPSHOT from Applied Biosystems) and restriction fragment length polymorphism using the enzyme ApoI, which recognizes the A allele (23) . Allelic discrimation assays using ABI PRISM 7700 or 7900 sequence detection systems were conducted according to recommendations by Applied Biosystems. Primer and probe sequences and conditions are available upon request. The ABI SnAP-SHOT single base extensions were carried out according to manufacturer conditions. Primer sequences are available on request. Genotypes were assessed in a blinded method for the majority of studies and were independently reviewed by at least two researchers.
Statistical analyses
Deviation of the genotype frequencies from those expected under Hardy--Weinberg equilibrium was assessed in the controls by x 2 tests. Genotype frequencies in cases and controls were compared by x 2 tests. The genotypic specific cancer risks were estimated as odds ratios (OR) with associated 95% confidence limits by unconditional logistic regression. The metaanalysis was conducted using multiple logistic regression analysis through the STATA software package (25) . Population attributable risk was calculated using the equation P(RR À 1)/[1 þ P(RR À 1)] in which P is the proportion of population-based controls exposed to the genotype (Tþ91A heterozygotes or homozygotes) and the relative risk was estimated using odds ratios calculated in the meta-analysis.
Results
Based on genetic and functional evidence for STK15/Stk6 in both human and mouse cancer, we genotyped the Tþ91A variant to test for cancer risk in 10 cancer case--control populations. These populations had not previously been studied for this variant and included cancers of the prostate, colon, breast, lung, skin and esophagus (Table I ) for a total of 6695 cases and 5012 control genotypes. Most of the case--control sets did not independently reach significance for cancer risk for homozygosity of the Tþ91A polymorphism. However, 9 of the 10 studies showed trends or borderline significance for increased risk of the rare homozygote AA (Table II, Figure 1A) . None of the sets differed significantly from expected allele frequencies by Hardy--Weinburg equilibrium tests in cases or controls.
If being homozygous for the Tþ91A variant does not increase risk of developing cancer, one would expect that most of these studies would show no trends towards increase in risk, and one might expect that some studies would show a decrease in risk. Because only one of the studies we conducted (Prostate Cancer, Fred Hutchinson Cancer Research Center) showed an OR~1.0, and all of the other studies showed a trend of an OR of 1.1--1.9, we hypothesized that the Tþ91A variant did contribute to cancer risk, although at a very modest level. Based on these initial studies, we estimated that the STK15 Tþ91A homozyogotes have an OR of~1.3. It can be calculated Aurora-A/STK15 T+91A gene: a meta-analysis of cancer types that to conform to the recommended criteria (26) for significance of an association study for an allele with a frequency of 21% (in Caucasian populations) and a typical OR of 1.3 for a low penetrance susceptibility gene, a sample size of~11 000 cases and 11 000 matched controls would be required to give 90% power at P ¼ 0.0001 using a specific test of the recessive hypothesis. In Chinese populations the Ile31 homozygotes have a frequency of~44%, so a set of~1500 cases and controls were needed to reach a similar degree of power (14, 21) . We did not have access to a case--control set as large as this for any one type of cancer from either population. Since we did not see evidence of heterogeneity of risk for the heterozygote or homozygotes between the types of cancers tested (P-value ¼ 0.69; P-value ¼ 0.37, respectively) and there is evidence for a role of STK15 in a variety of cancers, we decided to test the STK15 Tþ91A variant for general cancer risk by combining all available data into a large meta-analysis.
At the time of meta-analysis, five additional association studies for cancer risk and the Tþ91A polymorphism in STK15 were published or 'in press' ( Table III) . We, therefore, pooled our genotyping data with additional data from all STK15 studies that we were aware of at the time of analysis (Tables II and III) . A few additional groups declined to participate in this study because their independent results had not been published. Two additional studies published in abstract form only, that looked at both familial and population-based prostate cancer (27) and breast cancer (28) , showed no large differences in allele frequencies between the cases and controls. The abstracts did not contain the breakdown of individuals in the three genotypic groups and are, therefore, not included in this study. Since we were using all of the studies for which we had access to data and because most were not published, it is likely that publication biases did not affect our analyses or conclusions.
To determine if there was a statistically significant increase in risk for any one type of cancer, we conducted 'mini' metaanalyses for the two cancer types, breast and colon, for which we had three or more independent studies. Neither the breast nor the colorectal cancer studies showed evidence for an increase in risk of the heterozygotes. (Colorectal cancer: OR ¼ 0.98, 95% CI of 0.85--1.13; P-value ¼ 0.8; breast cancer; OR ¼ 1.10, 95% CI of 0.97--1.25; P-value ¼ 0.13.) However in our colon cancer meta-analysis, we found an OR of 1.50 for the Tþ91A homozygotes (95% CI of 1.14--1.99, P-value ¼ 0.004). Our breast cancer meta-analysis also showed an increase in cancer risk for the Tþ91A homozygotes (OR ¼ 1.35, 95% CI of 1.12--1.64; P-value ¼ 0.002) when the genotypes from the four breast cancer studies were combined.
When the results of all available studies (15 case--control sets; 9549 cases and 8326 controls) were combined in a large meta-analysis, we found an OR of 1.4 for the Tþ91A homozygotes (95% CI of 1.22--1.59, P-value 5 0.001, Figure 1A ). In addition, we saw a very modest but significant increase in risk in the Tþ91A heterozygotes (OR ¼ 1.10, 95% CI 1.03--1.18, P-value ¼ 0.006, Figure 1B) . These results confirm that the STK15 Tþ91A polymorphism is a low penetrance cancer susceptibility allele important in multiple cancer types. The same set of controls was used for both the breast and colon cancer studies from UC Irvine in the individual risk assessments. b The controls used for the CAMS colorectal cancer study were a subset of those used in the esophageal study. A.Ewart-Toland et al.
Discussion
These studies confirm the STK15 Tþ91A variant as a low penetrance cancer susceptibility allele. What is striking is that several independent case--control studies have shown similar trends for increased risk of the Tþ91A homozygotes (OR of 1.1--1.5), but the majority by themselves did not reach statistical significance. A meta-analysis using several thousand cases and controls was needed to reach an acceptable level of significance. In addition, the very modest increase in risk for heterozygote carriers was only seen in the large metaanalysis and not in individual studies or smaller meta-analyses. Most of these independent studies were not small with an average number of cases and controls in each independent Aurora-A/STK15 T+91A gene: a meta-analysis of cancer types collection of~650. It is likely that many cancer susceptibility genes will show similar modest increases in risk that will only reach statistical significance in very large studies or meta-analyses. This work represents one of the few meta-analyses to date looking at a variant for risk in multiple cancer types. Several variants have been implicated in cancer risk in multiple cancer types, such as HRAS (29) and CHEK2 (30), but few multicancer studies have been conducted. The only other recent study we were able to find that assessed a variant for cancer risk in multiple cancer types examined the TGFBRI Ã 6A variant in 2438 mixed cancer cases and 1846 controls (31) . Homozygote carriers in this study had an increased risk OR of 2.53. It is likely that some variants reported in the literature to be associated with a specific type of cancer risk will be general cancer susceptibility factors and that meta-analyses of multiple cancer types will lead to a better understanding of overall risk.
As gene discovery in disease moves from identification of high-penetrance mutations with Mendelian inheritance to identification of low-penetrance variants that in part contribute to complex traits, the ease of proving causality decreases rapidly. Association studies, the main workhorse for identification of low penetrance disease alleles, are fraught with problems. The results of association studies for diseases ranging from diabetes to cancer risk are often not replicated in completely independent populations. The majority of the independent studies shown here were not significant on their own, in part due to the low risk associated with homozygosity of the Tþ91A allele and the low frequency of homozygotes in Caucasian populations. A magnitude of 1.40 for the OR is not unexpected for the type of risk we might expect to see with a low penetrance allele, but makes replication difficult unless large numbers of cases and controls are used. This variant is not the first to be implicated in disease with such a low increase in risk. The PPARg Pro12Ala polymorphism, e.g. is associated with a 1.25-fold increase in risk for diabetes with the most common allele (32) . Original studies of this variant were positive, but subsequent studies failed to confirm the initial findings. It was not until a meta-analysis of over 3000 individuals was performed that the P-value for risk was considered significant.
Our study also demonstrates the value of comparative association studies in different ethnic groups. We saw large allele frequency differences between Caucasians and Chinese populations. In Caucasian populations the overall Tþ91A allele frequency for cases and controls was 22.9 and 21.5%, respectively. In contrast, in the Chinese populations studied, the Tþ91A allele frequency was 68.3% in cases and 64.2% in controls. Homozygotes for the Tþ91A allele are~9 times more common in Chinese than in Caucasians. Even though the risk for cancer is similar in the two populations, the population attributable risk (PAR) is very different due to the large differences in allele frequency of the Tþ91A variant. The PAR is estimated to be only 1.9% for Tþ91A homozygotes and 3.2% for heterozygotes in Caucasian populations, but 14.2% for Tþ91A homozygotes and 4.4% for heterozygotes in Chinese populations.
To contrast the differences we observed between populations, the overall difference in frequency of the Ile31 (Tþ91A) between cases and controls within a population did not vary much (1.4% in Caucasians, 4.1% in Chinese). Therefore, DNA pooling methodologies that generally have standard errors of 2--5% for detection of allele frequency differences would not likely have identified this variant as important for cancer risk, particularly in the Caucasian populations (33) .
We saw a similar magnitude of risk conferred by the allele in both the Caucasian and Chinese populations, but since the allele frequency is much higher in Chinese populations, fewer cases and controls were needed to reach similar degrees of significance. One future strategy that might be employed for these types of studies is to conduct follow-up studies in populations with a higher frequency of the variant allele when a marginal effect of a variant in one population is detected.
The Tþ91A variant only contributes a modest increase in risk for cancer. Therefore, it does not have clinical relevance on its own. However, this variant may act synergistically or additively with other genetic variants to increase cancer risk. The identification of these predicted genetic interacting factors is crucial for further stratifying risk within populations. The genetic data presented here, together with the functional evidence for the role of STK15 in cell transformation, support this gene as a suitable genetic target for therapeutic or preventative drug development.
Identification of candidate genes for cancer risk is a major focus of research efforts. Several reports have shown that variants in DNA repair genes are implicated in increased risk in a variety of cancer types (34, 35) . The roles of instability (36, 37) and aneuploidy (38, 39) in cancer development have been widely discussed. Here, we show that a variation in a gene with a role in chromosomal stability is important in cancer risk. Our data implicate genetic control of chromosomal instability and aneuploidy as important factors in human cancer susceptibility.
